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Hybridization of Fano and Vibrational Resonances
in Surface-Enhanced Infrared Absorption
Spectroscopy of Streptavidin Monolayers
on Metamaterial Substrates
Kamil Boratay Alici, Member, IEEE
Abstract—We present spectral hybridization of organic and in-
organic resonant materials and related bio-sensing mechanism.
We utilized a bound protein (streptavidin) and a Fano-resonant
metasurface to illustrate the concept. The technique allows us to
investigate the vibrational modes of the streptavidin and how they
couple to the underlying metasurface. This optical, label-free, non-
perturbative technique is supported by a coupled mode-theory
analysis that provides information on the structure and orienta-
tion of bound proteins. We can also simultaneously monitor the
binding of analytes to the surface through monitoring the shift of
the metasurface resonance. All of this data opens up interesting
opportunities for applications in biosensing, molecular electronics
and proteomics.
Index Terms—Avidin, biosensor, biotin, collective excitation,
enhancement factor, fano resonance, metamaterial, microscopy,
monolayer, nanoantenna, near-field effects, self-assembly, spec-
troscopy, streptavidin, surface-enhanced infrared absorption
(SEIRA), surface plasmon, temporal-coupled mode theory, thin
films.
I. INTRODUCTION
D ESIGN and development of an artificial substrate whichprovides a high signal-to-noise ratio (SNR) in Fourier
transform infrared spectroscopy (FTIR) with high spectral selec-
tivity and sensitivity can provide information about the structure,
orientation, and ultimately biological function of various ana-
lytes such as peptides and proteins. This information is useful for
detection of biological agents, diagnostic and monitoring of dis-
eases, and drug discovery [1]. Ligand receptor-binding [2] and
protein adsorption on self-assembled monolayers [3] are types
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of analyte-surface binding interactions that have been proven to
be practical to create monolayers of proteins on noble metal thin
films. One of the most important and well-characterized proteins
for fundamental studies of biorecognition is streptavidin [4],
which is routinely used for the construction of supra-molecular
systems by binding other functional units such as antibodies,
colloids, inhibitors, oligonucleotides, and nucleic acids [5], [6].
Streptavidin and its ligand biotin are very stable and commer-
cially available analytes whose highly specific interaction has a
high binding constant (Ka = 1013M−1) [4], which makes them
a popular and well-established system for biosensing [7], [8].
This system has been widely used in the development of sur-
face plasmon resonance (SPR) biosensors, which rely on the
response of surface plasmons to changes in local refractive in-
dex [5], [6], [8]–[12]. SPR and LSPR (localized SPR) biosensors
have been demonstrated and are promising for applications in
various biomolecular systems [13], [14].
Utilization of surface plasmons [15] in order to increase the
SNR of fluorescence [16], Raman [17]–[23] and infrared spec-
troscopy [19], [21], [23]–[31] has been studied extensively. A
substrate involving a two-dimensional array of nanoshells pro-
vided significant enhancement to both surface-enhanced Ra-
man spectroscopy (SERS) and surface-enhanced infrared ab-
sorption (SEIRA) by combining them effectively [19], [32].
Various types of periodically arranged hole and antenna ar-
rays [21], [23]–[25], [27]–[29], [33] and metamaterial inspired
designs [34]–[38] have been used in biosensing studies as
SEIRA substrates. Resonant near-field enhancement in these
substrates leads to increased SNRs for FTIR spectroscopy with
highly selective frequency dependence. The operation frequency
of such artificial structures depends on the geometry, content
and period of the unit cell [39], [40], and can be designed to
achieve strong coupling to vibrational modes of various an-
alytes [38], [41], [42]. One can also obtain very sharp spec-
tral features by using multiple nanoantennas within the unit
cell [34], [43] as the coupling between the different modes of
the nanoantennas create constructive or destructive interference
in the far field yielding an ultrasensitive response.
Simultaneous detection of Protein A/G and Protein IgG
monolayer thickness and Amide-I/II vibrational modes by us-
ing a Fano-resonant metamaterial substrate has been previously
demonstrated. The Protein A/G directly binds to the gold surface
of metamaterial antennas through the cysteine group [44]. In this
paper, we apply the technique to the biotin-streptavidin system
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and observe hybridization of the metamaterial Fano resonance
with streptavidin’s Amide-I vibrational mode for the first time.
Besides, we have investigated the following four outcomes of the
technique: 1) binding of protein to the surface can be detected,
2) protein monolayer thickness can be estimated, 3) sensitivity
is higher at the Fano resonance, 4) signal from the vibrational
lines increases as the Fano resonance approaches them. The
organization of the paper is as follows: after overview of the ex-
perimental, numerical, and theoretical methods, we present the
design parameters and near-field enhancement of the antisym-
metric Fano-resonant metamaterial unit cell. AFM and FTIR
characterization of the fabricated metamaterial arrays will be
followed by demonstration of index shift in the presence of
streptavidin monolayer. As the Fano resonance approaches the
Amide-I mode of the streptavidin, the SNR gradually increases
and Amide-I frequency shifts consistently for all experiments.
II. OVERVIEW OF EXPERIMENTAL AND THEORETICAL
METHODS
The metamaterial unit cell was designed via numerical sim-
ulations by using a finite-element method (FEM) and finite
integration (FI) solvers. Temporal-coupled mode theory was
used to construct an analytical model of the system (protein
monolayer on gold metamaterial surface) [44]–[47]. Polarized
reflection spectra and field enhancements were calculated by
using both numerical and analytical calculations. Metamaterial
arrays with different scale factors were fabricated on quartz sub-
strates by using standard e-beam lithography techniques. After
“piranha” cleaning, metamaterial samples were incubated in a
solution with an optimized concentration of HPDP-biotin. The
final step was the immobilization of streptavidin on the biotin
self-assembled monolayer (SAM). After each step, i.e, 1) “pi-
ranha” cleaning, 2) SAM deposition, and 3) streptavidin immo-
bilization, we measured the reflectance spectra of the samples
using an FTIR microscope.
III. DESIGN ENHANCEMENT FACTOR AND SPECTRAL
CHARACTERIZATION OF FANO-RESONANT
METAMATERIAL SURFACE
The metamaterial unit cell is composed of a gold nanostrip
oriented in the y-direction and another L-shaped nanostrip lo-
cated nearby as shown in Fig. 1(a). We have fabricated substrates
that include four different resonator arrays each with an area of
250 μm2 . The atomic force microscopy (AFM) characterization
was performed using an Agilent 5500AFM in tapping mode.
A typical micrograph of the unit cell without any smoothing is
shown in Fig. 1(a). Simulated reflection spectrum for normal
incidence and angle averaged cases are shown in Fig. 1(b). An-
gle of incidence was spanned from 15◦ to 35◦ with 5◦ steps and
results were averaged to obtain the overall response. Electric
field distribution, enhancement, and surface current distribu-
tion at the frequency of interest are shown in Fig. 1(c) and
(d). IR measurements were performed using a Thermo Scien-
tific Nicolet 6700 Spectrometer with KBr beam splitter. It is
equipped with a Continuum Microscope with liquid N2 cooled
Fig. 1. (a) AFM topography data for a representative unit cell. The parameters
of this representative metamaterial unit cell are as follows: the width of the strips
is w = 0.30 μm, the lengths of the strips are Lx = 0.74 μm in the x-direction,
and Ly = 1.16 nm in the y-direction, the periods in the x- and y- directions
are Px = 2.04 μm and Py = 1.85 μm, the thickness of the gold layer is
h ∼ 70 nm, and the chromium adhesion layer between the gold layer and
quartz substrate is approximately 5 nm thick. (b) FEM simulation results for
the representative metamaterial unit cell: normal incidence and 25◦ of incidence
with ±10◦ of angle averaging. (c) Map of the electric field enhancement factor
at the resonant frequency in the xy plane. (d) Surface current density at the
resonant frequency in the xy plane. (e) Schematic of functionalized substrate
(not to scale): primary structure of biotin and secondary structure of streptavidin
are provided. (f) Amide molecule and its vibrational modes.
mercury cadmium telluride (MCT) detector and Parker Balston
purge gas generator. The IR beam was focused with a 15× Re-
flachromat cassegrain objective and the physical aperture was
set to 100 μm2 . The reflection was measured at an incidence
angle of 25◦ with ±10◦ angular divergence and the results are
given as coaddition of 128 scans with 4 cm−1 resolution. The
spectra were smoothed with a 19 point second-order Savitzky–
Golay function after subtracting residual H2O vapor and CO2
lines. For an incident electromagnetic wave with the electric
field polarized in the y-direction, the two lowest order modes
(quadrupole and dipole) are of interest for generating a Fano
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resonance. The interference of a broadband dipole mode and a
narrowband quadrupole mode generates an ultrasharp spectral
feature at the Fano resonance. This ultrasharp resonance yields
very large electric field enhancements [34] as shown in Fig. 1(c).
The electric field intensity 5 nm above the gold surface shows
an enhancement factor of about 25 at the Fano resonance.
IV. BIOTIN SAM USED AS A LINKER BETWEEN GOLD
SURFACE AND STREPTAVIDIN MONOLAYER
Because the resonator arrays are gold, oxidation of the metal
surfaces was not a concern under ambient conditions; this is a
great advantage of using gold [48]. Before functionalization, the
resonator array substrate was cleaned with “piranha solution”
(1:3 sulfuric acid: 30% hydrogen peroxide), which removes
any organic contaminants from the surface [49], [50]. Then, the
substrate was exposed to a 10 μM solution of HPDP-biotin (EZ-
Link biotin, Pierce Bio) which readily forms strong gold–sulfur
bonds to the surface [51]. The biotinylated substrate was then
exposed to a 10 μM solution of streptavidin. Fig. 1(e) shows a
schematic of the final functionalized surface, and Fig. 1(f) shows
the strong Amide-I (C-O stretch) and Amide-II (C-N stretch
and N-H bend) vibrational modes. The length of an HPDP-
biotin molecule is 2.9 nm, and the diameter of streptavidin is
obtained as 5.4–6.1 nm from atomic resolution crystallographic
study [52]. Therefore, the maximum total monolayer thickness
is approximately 8.4–9.0 nm that also depends on the contact
angle of biotin and streptavidin orientation. The structure of
streptavidin is composed of four subunits each can bind to a
biotin with 88 kJ/mol bond energy [8], [53], [54]. Its molecu-
lar weight is approximately 60 kDa. Assuming maximum sur-
face coverage and using the minimum diameter of streptavidin,
we can estimate the maximum possible density of streptavidin
molecules to be 4.9 × 104 molecules per square micrometer.
It is not unusual to have defects in the biotin and streptavidin
layers, so these estimates are upper limits only [55]–[57].
V. SNR OF FTIR MICROSPECTROSCOPY AT THE VIBRATIONAL
LINES DEPENDS ON THE FANO-RESONANCE FREQUENCY
OF METAMATERIAL SUBSTRATE
The resonance frequencies of the metamaterial arrays
strongly depend on the dielectric constant of the surrounding
environment and red-shift in the presence of a protein mono-
layer. Fig. 2 shows reflectance FTIR spectra of a representative
metamaterial substrate composed of four arrays with the unit
cell parameters scaled in the xy plane. We observed a consis-
tent red-shift in the presence of a streptavidin monolayer for all
four arrays and reproduced these results in two successful ex-
periments on two samples (four datasets in total). In Fig. 2, we
also show the results of temporal coupled mode theory (TCMT)
developed for the specific metamaterial unit cell in combination
with an approximate frequency shift calculation by using the
first-order perturbation theory [58]. The expression reduces to
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Fig. 2. (Top) Reflectance spectra from four resonator arrays with varying
periodicities. (Bottom) Analytical model calculation results for the same array.
Fig. 3. Normalized experimental difference spectra of a representative sample.
Position and denatured bands of the Amide-I/II are indicated with dashed lines
and vertical bars, respectively. The difference peak is maximum at the Fano
resonance.
where αM and αE coupling constants of the modes to the ex-
ternal source; ωM and ωE are eigenfrequencies of the modes
with loss factors γM and γE . In the presence of a thin dielec-
tric layer with thickness h the eigenfrequencies shift according
to ΔωM ∼ −(ωM Δεh)/lM , where Δε is the difference of
the dielectric constants of the two media and lM is the surface
averaged field localization length.
The spectral sensitivity of the resonator arrays is shown by the
normalized reflectance difference spectra: ΔR/RQ , where ΔR =
RSAM –RPROTEIN , and RQ is the reflectance at the quadrupole
peak. In Fig. 3, we see the maximum of the difference spectra
is at the Fano-resonance point, which implies the sensitivity to
the index change is maximum at that point. Additionally, we
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Fig. 4. (a) Normalized experimental difference spectra for baseline corrected
Amide-I band and Fano resonance band. (b) Dependence of Amide-I band peak
on the Fano-resonance frequency κ = 1200 cm−2 and ω2 = 1664 cm−1 .
estimate the thickness of the ideal protein monolayer from the
magnitude of the normalized difference at the Fano resonance
as 5 nm, by using the formula: ΔR/RQ ∼ hΔε. For metamate-
rials operating at the IR band, by changing the scale factor, we
can tune the Fano-resonance frequency to approach the protein
vibration modes. In Fig. 3, as the Fano resonance approaches
the Amide-I/II lines, the signal magnitude is consistently in-
creasing, which is critical for the detection of proteins and the
calculation of their secondary structures [41], [59].
VI. HYBRIDIZATION OF FANO AND AMIDE-I RESONANCES
By processing the normalized difference spectra, we can pre-
cisely locate the position of Amide-I vibrational lines of strep-
tavidin. As the Fano resonance approaches the Amide-I mode,
hybridization of Amide-I and Fano resonances leads to a spectral
shift of the Amide-I lines as shown in Fig. 4(a). We observed this
phenomenon consistently for four different sets of experiments
which is the signature of a different Fano resonance between the
protein and quadrupole mode of the metamaterial layer. Eigen-


















κ = γ1γ2 + |κ12 |2 . (3)
TABLE I
DEMONSTRATIVE PARAMETERS OF HYBRIDIZATION
FOR A REPRESENTATIVE DATASET
Here, ω1 and ω2 represent the metamaterial and Amide-I
resonance frequencies for the uncoupled case. The coupling
mechanism is described with an overall coupling coefficient: κ,
which depends on the metasurface and Amide-I loss factors,
γ1 , γ2 , and their coupling coefficient κ12 that is proportional
to the index-induced shift (Δω) obtained from the perturbation
theory. In Fig. 4(b), we summarize the results of the experimen-
tal sets and compare them with the theoretical model. In order
to better understand the magnitude of change in spectra, we tab-
ulate the position of the Fano resonance, the Amide peak, and
estimated enhancement in percentage in Table I. Enhancement
of the vibrational mode signals is estimated relative to baseline
of a normalized reflectance difference dataset. Enhancement can
be clearly observed when Fano resonance is nearby the Amide-I
vibrational mode and reaches 4.5%. The extracted parameters
from this theoretical fit can provide significant information for
the mass content and structure of the bound proteins.
VII. CONCLUSION
To sum up, this technique (Hybrid-SEIRA) allows us to ob-
serve the vibrational modes of a bound molecule and how they
couple to the underlying metasurface (as the vibrational modes
appear at slightly different frequencies on substrates with dif-
ferent Fano resonances). We can also simultaneously monitor
the binding of a material to the surface through monitoring the
shift of the Fano resonance with changing refractive index. Our
ability to gather all of this data on a single sample in an optical,
label-free, and nonperturbative manner opens up interesting op-
portunities for future research with this technique. For example,
the technique could be applied to study protein conformational
changes as a function of surface packing density, or ordering
in polymer films. Since the hybridization between vibrational
modes and the Fano resonance enhances the apparent size of
spectral red shifts slightly red of the Fano resonance (or blue
shifts slightly blue of the Fano resonance), this technique will be
especially sensitive at detecting minute changes in vibrational
energies.
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